The surface properties of a substrate are among the most important parameters in the printing technology of functional materials, determining not only the printing resolution but also the stability of the printed features. This paper addresses the wetting difficulties encountered during inkjet printing on homogeneous substrates as a result of improper surface properties. We show that the wetting of a substrate and, consequently, the quality of the printed pattern, can be mediated through the deposition of polymeric layers that are a few nanometers thick. The chemical nature of the polymers determines the surface energy and polarity of the thin layer. Some applications, however, require a rigorous adjustment of the surface properties. We propose a simple and precise method of surface-energy tailoring based on the thermal decomposition of poly(methyl methacrylate) (PMMA) layers. A smooth transition in the wetting occurs when the thickness of the PMMA layer approaches zero, probably due to percolating the underlying surface of the substrate, which enables the inkjet printing of complex structures with a high resolution. In particular, the wetting of three substrate-ink systems was successfully adjusted using the thin polymeric layer: (i) a tantalum-oxide-based ink on indium-tin-oxide-coated glass, (ii) a ferroelectric lead zirconate titanate ink on a platinized silicon substrate, and (iii) a silver nanoparticle ink on an alumina substrate.
Introduction
The wetting of a solid surface is one of the major concerns in large-scale industrial processes such as printing, painting, gluing and cleaning. It can be quantified in terms of the contact angle, θ, which is the angle between the liquid-vapor interface and the surface of the substrate. 1 In printing applications the resolution and the stability of printed features depend on the contact angle. 2 For example, small contact angles result in over-spilling of the ink and limit the patterning, while large contact angles result in the formation of instabilities that prevent the stable coalescence of a drop.
For θ between 0° and 90°, the printing resolution depends on the size of the liquid drop on the selected substrate. Small drops-for such drops the shape deformations due to gravitational forces are negligible-adopt the shape of a spherical cap with a radius of
where V is the volume of the drop. 3 This relation shows that a relatively small reduction in the contact angle from 30° to 10° increases the radius of the printed drop by nearly 50%. It is selfimplied that the resolution improves for ink-substrate combinations with larger contact angles, but larger contact angles also promote the formation of instabilities, such as bulging of the printed lines. 2, 4 Precise control over the wetting of a substrate by a particular ink is therefore essential in printing applications.
The tailoring of wetting on a local scale has received a lot of attention as it could enable the fabrication of self-aligned structures and channels with a sub-micrometer precision. [5] [6] [7] On the other hand, the manipulation of wetting on the macroscopic level and its influence on the printed features has not been studied extensively. van Osch et al. demonstrated that the width of a printed line depends on the surface free energy (SFE) of the substrate; printing on polymeric substrates with low or high SFEs results in narrow lines with bulges, or broad and continuous lines, respectively. 8 The authors used polymeric substrates with different SFEs; although in practice it would be more practical to modify only the surface of the substrate. Several approaches have been used to impact the surface properties of different materials, including cleaning, 9 plasma and corona treatment, [10] [11] [12] UV/O3 exposure, 13 depositing self-assembled monolayers, 14 and chemical treatment. 15 The efficiency of these approaches, however, depends strongly on the chemical nature of the substrate.
Moreover, plasma and UV/O3 treatments require special equipment that is not always available in clean-room facilities.
In this paper we describe the modification of surface properties for various substrates using thin polymeric layers and show how the surface properties relate to the morphology of inkjet-printed structures. The surface properties of poly(styrene), poly(methyl methacrylate), poly(vinyl alcohol), and poly(vinyl pyrrolidone) layers are assessed using the Owens-Wendt-Rabel-Kaelble (OWRK) model, which is discussed in detail in the next section. The inkjet printing of two inks with distinct polarities is used to connect the printing outcome with the SFE of the polymeric layers. The few nanometers thick layers functions only to regulate the substrate-ink interface (to influence the wetting), and could be afterwards removed from the substrate. This concept proved sufficient only for some ink-substrate combinations and pattern geometries-other combinations required a more precise adjustment of the wetting. We introduce a thermal decomposition of the poly(methyl methacrylate) layer on glass substrates as a method for precisely adjusting the surface properties, which is used to optimize the print quality and the resolution. In the last section we provide some practical examples for the wetting adjustment of functional-oxide inks on different substrates, such as indium-tin-oxide-coated glass, platinized silicon, and alumina.
Owens-Wendt-Rabel-Kaelble (OWRK) model
The SFE of a solid cannot be directly measured, but is estimated using models. The OwensWendt-Rabel-Kaelble (OWRK) model is a two-component model based on the Fowkes assumption that two types of interactions exist at the solid-liquid interface. 16 The SFE of a solid or a liquid is divided into its dispersive and polar components, which are related by geometrical mean values. The solid-liquid interfacial tension, is
where is the overall SFE of the liquid, is the overall SFE of the solid, and the D and P superscripts correspond to the dispersive and polar contributions to the SFE. Inserting the above relation into Young's equation, = + cos ( ), results in
which is actually a linear equation. In a polar-coordinate system, Equation 3 becomes
The SFE parameters of a surface are calculated by measuring the contact angles of at least two probe liquids with known , and , and then performing a linear fit in the (cos ( ) + 1)/2% vs. % /% plot. The same set of probe liquids should be used when comparing the surface properties of different solids to improve the reliability of the method. 17 The probe liquids selected for our study, together with their surface-tension values, are collected in Table 1 .
OWRK model only roughly estimates the surface energy of a solid and the evaluation relies on certain mathematical assumptions. Furthermore, the estimation of solid's SFE is also obstructed by the fact that Young contact angle cannot be directly measured-contact angle measurements access only the apparent contact angle. 18 The methods for the evaluation of Young contact angle are still under intensive debate and research. 19, 20 
Preparation of thin polymeric layers
Glass substrates were cleaned by wiping them with a cloth soaked in an aqueous detergent solution, followed by a sequential ultrasonic cleaning in a detergent solution and deionized water. The substrates were dried by blowing with nitrogen gas and heating at 350 °C for 10 minutes. The polymer solutions were filtered through a 0.2-µm PTFE filter prior to spin coating. The layers were prepared by completely covering the substrate with a polymer solution and spin-coating at 3000 rpm for 30 s. Note that two different thicknesses of the PMMA layer were obtained by spin coating either the 0.5 wt% or 3 wt% PMMA solution. The samples were dried on a hotplate at 200 °C for 10 minutes immediately after spin coating. Selected PMMA layers were heated on a hotplate at 350 °C in air.
Inkjet printing
The inkjet printing was performed under ambient conditions using a Dimatix DMP 2831 piezoelectric printer equipped with a 10-pL cartridge (DMC-11610). The MOE-PD and OCT inks were printed at a jetting frequency of 10 kHz with a distance between the cartridge and the substrate of 0.7 mm and a drop spacing of 20 μm. The temperature of the printer platen and nozzles was set to ambient (22-23 °C) . The printing pattern consisted of an individual line (3 mm in length) and a 500×500 μm 2 square.
Characterization of polymeric layers
The contact angle, θ, was measured under ambient conditions, 
Results

Glass and thin polymeric layers
Contact-angle measurements of the probe liquids provided the data for the calculation of the surface free energy (SFE) of the investigated surfaces. Uncoated glass substrates exhibit a large SFE and a high surface polarity (see Table 2 ). According to the OWRK model, most of the solvents (except those that are highly nonpolar) would wet the glass substrate completely. Such wetting behavior is desirable in some applications; however, it represents a large impediment to the patterning of well-defined structures using inkjet printing.
Coating a glass substrate with a thin polymeric layer affected its SFE, which depends on the chemical nature of the polymer, while the surface morphology (and surface roughness) remained unaffected. PVA and PVP exhibit a hydrophilic character and the layers accordingly exhibited a high surface polarity of about 90%, as well as a high overall SFE ( Table 2 ). In contrast, PMMA and PS are hydrophobic, thus the respective layers exhibit a low surface polarity and a significantly reduced overall SFE when compared to the bare glass. The zero polarity of a PS-coated substrate layer implies that such a surface is incapable of forming any polar interactions with the liquids used in this study.
Large differences in the surface properties of glass and polymeric layers are expected to significantly impact on the wetting behavior of a particular liquid. To assess these differences, we formulated two inks-a moderately polar MOE-PD ink and a non-polar OCT ink (see Table 2 )-and compared the printing outcome to the wetting diagrams. The results for the PVA layers are not reported here as they exhibited nearly identical surface properties to glass.
The position of the -point of the MOE-PD ink inside the 0° wetting envelopes of the glass and the PVP layer implies that the ink wets these surfaces completely, which is reflected in the large width of the printed lines (first row, Figure 2 ) and has been also confirmed by the contact angle measurements ( 6 0°). According to the wetting diagram the same ink should only partially wet the PMMA and PS layers.
This correlates well with the printing results, where a small width of the printed lines corresponds to a large contact angle. 2 The advancing contact angles measured by a modified sessile drop method were 37° and 60° for PMMA and PS layers, respectively, which is in accordance with the predicted values from the wetting diagrams. In the case of PS-coated glass, continuous lines could not be printed; instead, the lines broke into individual large drops (bottom-right part of Figure 2 ).
It is known that stable and continuous lines can be printed only when the receding contact angle is zero, or close to zero if there is a large contact angle hysteresis. 25 In the case of non-zero receding contact angle-and hence, unfixed contact line-the liquid bead breaks into separate drops due to the Rayleigh instability. As the receding contact angle of MOE-PD ink on PS was 56°, this is probably the reason why stable lines did not form on those samples. All the other samples exhibited ~0° receding contact angle.
Due to the lower OCT ink polarity, the predicted wetting behavior is different from that of the MOE-PD ink. The printing of the OCT ink on glass produced narrow lines, which is in accordance with the large contact angle predicted by the wetting diagram (inset of Figure 2 , glass). Due to the slightly stronger dispersive character of the PVP, printing the OCT ink yielded broader lines than for the bare glass. The measured advancing contact angles on glass and PVP substrates were 35°
and 15°, which also fits well with the predictions of the OWRK model. For both the PMMA and PS layers the -of the OCT ink lies inside the 0° wetting envelopes, and accordingly, the printing of the OCT ink produced wide lines (bottom row of Figure 2 ).
The results presented above clearly demonstrate that two-component model of SFE is required
to explain the wetting of the inks. For example, SFE of glass is much higher than those of PMMA layer (see Table 2 ), however, the OCT ink wets the glass better. In this case, a direct comparison of overall SFE leads to a wrong prediction of the wetting. The same occurs when comparing the wetting of OCT and MOE-PD ink on the glass, whereas the MOE-PD ink has larger SFE but exhibits a lower contact angle than OCT ink. The presence of a solute and additives, such as acetic acid in the OCT ink or diethanolamine in the MOE-PD ink, could also affect the wetting behavior.
More sophisticated models, e.g., the van Oss-Good-Chaudhury model, could be used to distinguish between the Lewis acid-base contributions; however, a higher complexity of the model makes the analysis in terms of wetting diagrams impossible. Even though OWRK model provides only approximation of the SFE, a good correlation to the experimental results was found for all investigated combinations. The red dotted lines in the optical micrographs mark the edges of the printed lines; however, in the case of PS-coated glass, the contact angle of the MOE-PD was too large to print a continuous line.
The ability to deposit well-defined patterns is a prerequisite for the realization of electronic devices by printing technology. Patterns often consist of different geometrical shapes, such as dots, lines, and rectangles. While the drops are always stable, the lines and the squares may exhibit instabilities. The bulging of lines is promoted by a large contact angle, low printing speed and small drop spacing, while breaking of lines appears due to Rayleigh instability caused by a nonzero receding contact angle. 4 Similarly to lines, rectangular patterns also exhibit instabilities, such as the breaking of continuous structures into separate droplets and rounding of the corners, which are often related to a non-zero receding contact angle. 26, 27 Our experiments show that the stability of 2-dimensional patterns, i.e., 500×500 µm 2 squares, is even more sensitive to the surface properties than the stability of the lines. Even though the lines were continuous when printing the OCT ink on glass (or similarly the MOE-PD on PMMA, see Figure 2 ), the continuity of the square patterns broke for the same ink-substrate combinations (Figure 3) . On the other hand, the ink-substrate combinations that produced wide lines formed undefined shapes when printing a square pattern, e.g., MOE-PD on the glass. The deterioration of the square shape is a consequence of the ink overspreading driven by a small contact angle. The overspreading could, to some degree, be minimized by increasing the drop spacing, e.g., in the cases of printing OCT on PVP and PS layers. However, for the MOE-PD ink on the glass, PVA or PVP layers, as well as the OCT ink on the PMMA layer, the over-spreading is too extensive and inhibits the deposition of well-defined patterns.
The results clearly reveal that the ink-substrate interactions are a key factor in high-quality printing. The wetting behavior of the thin polymeric layers on a glass substrate is determined by the intrinsic properties of the polymer. However, printing geometrically more complex objects, such as those shown in Figure 3 , requires a precise adjustment of the substrate surface properties.
of the surface properties by the thermal decomposition of the PMMA layers.
Figure 3.
Printed square pattern of MOE-PD and OCT inks on a bare glass and glass substrates coated with a thin polymeric layer. The user-defined 500×500 μm 2 square pattern is marked in red.
Thermal decomposition of PMMA layers
Upon heating PMMA degrades almost completely into its monomeric units. 28 The decomposition temperature is strongly affected by the atmosphere in which the degradation occurs as well as by the polymerization method and the molecular weight of the polymer. 29 In air, the onset of the thermal decomposition of the PMMA powder is typically at ~250 °C. 30 The decomposition of thin layers, however, is expected to differ somewhat from the decomposition of powder. To provide a better insight into the origins of the observed wetting transition we performed a surface-energy analysis of the PMMA layers heated for different times at 350 °C. Note that in these experiments the polymer concentration was 0.5 wt%, which strongly reduced the initial layer thickness to about 10 nm. Although the same experiment could be performed with thicker layers, it is easier and more elegant to control the wetting transition of the thinner layers. Due to a lower thickness, the layer decomposes at shorter heating times. As shown in Figure 5a , polar and dispersive contributions to the surface energy of the initial 10-nm-thick and 1-minute heated PMMA layer are very similar, while 4 minutes of heating already initiates the wetting transition. The transition of the surface properties upon heating-from PMMA-like toward glass-like-can be explained by a situation in which the glass substrate percolates in random small spots through a decomposing PMMA layer. In such spots the surface properties correspond to the ones of the glass substrate, while the total area of the exposed spots determines the macroscopic properties.
We thus express the surface concentration of polymer molecules on the substrate as the surface coverage, n, which is the area covered by polymer molecules divided by the total area. For = 1, the surface is completely covered by the polymer molecules and the surface properties correspond to those of the polymer (exemplified by Stage 1 in Figure 6 ). For = 0, there are no polymer molecules at the surface-air interface and the properties correspond to those of the substrate, see 
Adjusting the wetting of different substrates
The possibility to select a substrate without concern for its wetting properties is very beneficial in printing technology. In this section we demonstrate how the wetting for the three ink-substrate systems can be adjusted using the thin polymeric layers.
The indium-tin-oxide-coated glass (ITO/glass) is used in applications that require a transparent electrode, such as photovoltaics and displays. We highlight the inkjet printing of thin dielectric structures from tantalum-oxide-based (TAS) ink. 21 
Conclusions
We described a simple and efficient approach to controlling the surface properties of different substrates using thin polymeric layers. The layers of PVA and PVP on glass exhibited hydrophilic surface properties, while the PMMA and PS layers rendered the surfaces hydrophobic. Theoretical predictions based on wetting diagrams were in good correlation with the inkjet printing of two inks with different polarities. We demonstrated that some applications, especially the printing of structures with more complex geometries, require a precise adjustment of the surface properties.
The thermal decomposition of the PMMA layer produced a smooth transition from polymertoward substrate-like surface properties, which was exploited for improving the printing outcome.
The SFE analyses of the PMMA layers heated for different times at 350 °C suggest that this transition originates from the percolation of the underlying substrate surface through small, noninteracting spots in the polymer layer. Heating for different times thus provided a way to tailor the ink-substrate interactions and thus enhance the printing resolution and quality.
The practical applicability of thin polymeric layers was exemplified by three ink-substrate systems, which originally exhibited poor printing performance. Adjusting the ink-substrate interactions by implementing polymeric layers improved the wetting behavior and made it possible to print structures with a well-defined geometry and morphology.
